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Abstract
FtsK is a multifunctional protein, which, in Escherichia coli, co-ordinates the essential functions of cell
division, DNA unlinking and chromosome segregation. Its C-terminus is a DNA translocase, the fastest yet
characterized, which acts as a septum-localized DNA pump. FtsK’s C-terminus also interacts with the XerCD
site-specific recombinases which act at the dif site, located in the terminus region. The motor domain of FtsK
is an active translocase in vitro, and, when incubated with XerCD and a supercoiled plasmid containing two
dif sites, recombination occurs to give unlinked circular products. Despite years of research the mechanism
for this novel form of topological filter remains unknown.
Xer site-specific recombination
Most prokaryotes have circular chromosomes. Life with a
circular chromosome has advantages: a single closed DNA
molecule has no exposed ends, and there is not the associated
problem of how to replicate all the way to the end of linear
chromosome. However, there are also disadvantages. One of
these is that homologous recombination can cause a crossover
during or following replication, and any odd number of
crossovers leads to conversion from two separate daughter
DNA molecules into a single joined DNA molecule, a dimer
[1] (Figure 1). In Escherichia coli, the formation of a dimeric
chromosome occurs roughly once every six generations. Since
a dimeric chromosome cannot be equally partitioned into two
daughter cells, an unresolved dimer is lethal. The Xer site-
specific recombination system exists to introduce another
DNA crossover into a dimer, resulting in the re-formation
of two monomeric chromosomes which can be segregated
equally.
XerC and XerD are members of the tyrosine recombinase
family of enzymes [2–4]. This is a large and diverse family of
enzymes involved in a range of site-specific recombination
reactions. It includes well-studied members such as bacterio-
phage λ integrase, the Cre recombinase which acts at loxP
sites and the Flp recombinase from the yeast 2μm plasmid.
All of these site-specific recombinases share a common
basic recombination mechanism: each recombination site is
bound by two monomers of recombinase protein, and cyclic
protein–protein interactions between monomers bring two
recombination sites together; thus a synapse consists of two
sites held together by four monomers of recombinase (a
dimer of dimers). There then ensues two distinct pairs of
strand cleavage, exchange and religation reactions. One pair
of recombinase proteins cuts a pair of single strands at one
end of each site, exchanges the cut ends and religates them to
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form a Holliday junction. The second pair of recombinases
then becomes active, cuts and exchanges the second pair of
strands, and produces a recombinant molecule. λ Int, Cre
and Flp all use four identical monomers to bind to the two
recombination sequences. The Xer recombinases are distinct
from these other members because each recombination site
is bound by two different recombinase proteins: XerC and
XerD. The XerC protein cuts one of the strands in a site,
whereas XerD cuts the other (Figure 2A).
The Xer recombination system was first identified as
a plasmid resolution system; circular plasmids suffer the
same problem of recombination-driven dimerization as
chromosomes [5]. Multimeric plasmids may outreplicate the
monomeric forms, or, by uneven segregation, may come to
predominate in some cells. As there are fewer individually
segregating plasmid units the chances of producing a plasmid-
free cell is greatly increased. This has been termed the ‘dimer
catastrophe’ theory [6].
A number of variants of Xer-dependent plasmid recombin-
ation systems have been discovered and the best characterized
examples are the cer site of ColE1 plasmids [5,7], and the psi
site from pSC101 [8]. Both of these systems use a number of
accessory proteins and accessory DNA-binding sites adjacent
to the XerCD-binding sites to produce a synaptic complex,
a specific nucleoprotein structure within which the XerCD
recombinases are catalytically active [9–11]. Both cer and
psi have accessory proteins which wrap two segments of
DNA (the accessory sites) in such a way that one dsDNA
(double-stranded DNA) crosses over/under the other one
three times adjacent to the XerCD-binding sites [9,12]. Upon
Xer-mediated recombination, a catenane with four crossings
(or nodes) is produced (Figure 2B). The interwrapping
of the two accessory sites would be highly energetically
unfavourable if the sites were from two separate molecules.
Effectively, this means that recombination between these
plasmid sites only occurs when two copies of the accessory
sequences are within the same DNA molecule, i.e. a plasmid
dimer. This system is termed a ‘topological filter’ [12], where
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Figure 1 Dimer formation and resolution
A crossover between two circular DNA molecules (by homologous
recombination, HR) leads to formation of a dimer. This can occur either
during or after replication and the outcome is the same. A second
crossover will resolve the dimer back into two monomers. In the E. coli
chromosome and some plasmids, this reaction to convert dimers into
monomers is carried out by the Xer site-specific recombination system
(SSR).
recombination only occurs from a certain substrate topology,
the interwrapped plasmid dimer, and results in a product with
distinct topology, the four-noded catenane. It should be noted
that Xer recombination at cer in fact results in a Holliday
junction from XerC-mediated strand exchanges adjacent to
the three crossings from the accessory sites, and XerD appears
not to be active at this site [9,12]. The Holliday junction is then
presumably resolved by host resolvase enzymes, or possibly
by replication.
Subsequently, it was found that the chromosome also bore
a recombination site for XerCD, and this was termed dif
[13,14]. Recombination at dif sites differs from that seen
at plasmid sites because no specific accessory sequences or
structural proteins that interwrap DNA have been found that
aid in the recombination reaction. Instead, recombination at
dif depends upon ftsK [15].
The FtsK protein
FtsK was first characterized as an essential E. coli protein,
required for cell division, in 1995 [16]. It has roles in
cell division, chromosome segregation and chromosome
unlinking, and appears to act as a checkpoint ensuring that all
these activities are properly co-ordinated [17]. The FtsK gene
is highly conserved across many bacterial species, and consists
of a membrane bound N-terminus, a linker domain of variable
length and a C-terminal ATPase domain [18] (Figure 3A).
As part of the divisome, it plays an architectural role in
localizing a number of proteins required for the progression
of cell division, through protein–protein interaction in the N-
terminus and linker domains [17]. The C-terminus forms a
homohexameric dsDNA translocase, which converts energy
from ATP hydrolysis into movement of the DNA [19,20]
(Figure 3B). It is also this portion of the protein that is
necessary for activation of site-specific recombination at dif
[15,19].
The C-terminus of FtsK can itself be divided into three
domains, called α, β and γ . The β domain contains the ATP-
binding and hydrolysis motifs, and, together with α, forms
the active motor of FtsK [20]. The small C-terminal γ domain
has both a DNA-binding motif that orients the motor
domain at the binding step [21–23], and is involved in
protein–protein interactions with XerD [24,25]. Indeed, the
interaction of the γ domain with XerD is sufficient to
stimulate recombination at dif , in the absence of the rest
of the FtsK protein, on plasmid substrates both in vivo and
in vitro [24].
Topology of recombination at dif
Many studies have used in vitro recombination reactions
to reveal the mechanism of FtsK-stimulated recombination
by XerCD at dif . In the absence of FtsK, there is no
recombination observed between dif sites, with the only
activity being futile cycles of Holliday junction formation and
then resolution carried out by XerC [26,27]. Recombination
between dif sites was only observed when using altered DNA
or altered protein components [28,29]. The very first study
to use purified FtsK demonstrated that, in the presence of
ATP, it would allow XerCD to recombine a supercoiled
plasmid with two dif sites into two smaller recombinant
circles [19]. Furthermore, these two reaction products were
exclusively unlinked circles (Figure 2B). Indeed, with FtsK
present, XerCD would recombine dif sites that were on
supercoiled, relaxed or linear DNA, and in either direct
or inverted repeat orientation, showing a wide range of
permitted substrate topologies [19,30], but the products were
always unlinked. Despite FtsK being a powerful motor
protein capable of stripping many proteins off DNA [31],
it stops translocating when it encounters a dif site bound by
XerCD [32]. Upon encounter with an XerCD–dif complex
from either orientation, FtsK has reduced ATPase activity,
but does not dissociate from the DNA.
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Figure 2 Xer site-specific recombination
(A) Representation of a recombination site (in this case dif) bound by XerC (green) and XerD (rose). The two strands of
dsDNA are coloured red and blue, and the yellow circle represents the point where the DNA is cleaved on that strand. Each
recombinase monomer binds with the N-terminal domain (smaller oval) on one side of the DNA, and the C-terminal domain
(larger oval) on the other face of the DNA. Below the cartoon representation is the DNA sequence of the site, again with
yellow circles indicating the points of cleavage. (B) A cartoon representation of psi site synapsis and recombination. The
synapse is specific such that the product is exclusively the four-noded catenane, as shown.
Further dissection of the role of FtsK in recombination at
dif showed that it was the very C-terminal γ domain of FtsK
that interacted directly with the XerD recombinase that led
to this stimulation of recombination [25]. The interaction
between γ and XerD led to activation of the otherwise
dormant catalytic activity of XerD, and, in this context, to
XerD cutting and swapping the first pair of strands to form a
Holliday junction, which was subsequently resolved by XerC
[24]. The molecular basis for changing the catalytic activity
of XerD by interaction with γ also remains unknown.
The remarkable activity of FtsK to stimulate recombina-
tion to give exclusively free product circles was then shown
to be dependent upon the DNA translocase motor portion of
the protein [24]. Although the αβ motor domain itself was not
necessary for recombination, it was necessary to produce free
circle products. Addition of the γ domain, either alone or as a
fusion with either Xer recombinase, yielded highly catenated
recombination products [24] (Figure 3C). However, when
FtsK was added back in these reactions, it led to production
of free circles once again. It is noteworthy that addition of
the αβ motor itself to a reaction with isolated γ and XerCD
did not yield exclusively free products, whereas addition of
the full C-terminal motor portion of FtsK did restore this
activity. The conclusion was that γ needs to be attached to
the actively translocating motor in order for the products
to be unlinked [24]. However, the question of how this
occurs remains.
The finding that in vitro recombination at dif in the
presence of FtsK yielded unlinked products from plasmids
makes it tempting to speculate that the same topological
outcome occurs when resolving chromosome dimers in vivo.
Resolution of a chromosome dimer to two unlinked products
would then allow the separate daughter chromosomes to be
segregated into opposite cell halves so that septation at mid-
cell could occur immediately without trapping of any DNA
or any further time delay. In fact, it has been found that
Xer-mediated recombination can also aid in the unlinking
process, resolving catenation crossings that were left over
from replication of the chromosome [33]. In this case, when
TopoIV (topoisomerase IV), the major cellular decatenase,
was inactivated, it was found that iterative recombination at
dif could substitute for the unlinking activity and restore
viability to these cells. In order to do this, it means that
FtsK-stimulated recombination must be blind to the exact
DNA topology of the chromosome and will recombine two
monomeric chromosomes to give a dimer, and vice versa,
with each iteration leading to a reduction in the linking
number. In other words, FtsK would stimulate intermolecular
recombination as well as intramolecular recombination. This
intermolecular recombination was then shown to occur
efficiently in vitro too [24].
How does FtsK–XerCD dif recombination
lead to unlinked products?
To date, this question remains open, but several potential
models exist that could explain this. First, iterative recom-
bination could account for the unlinked products. However,
even after very short durations, no complex intermediates
have ever been observed, making this unlikely.
Alternatively, it could be that, under the chosen reaction
conditions, the initial synapse favours simple topology so that
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Figure 3 The FtsK protein promotes simple recombination products
(A) Schematic representation of the FtsK protein, with numbers corresponding to the amino acid residues in E. coli FtsK.
(B) Crystal structure of the α/β motor domains from Pseudomonas aeruginosa, viewed from the top of the β domains (left)
and from the side (right). DNA is encircled by the protein through the central hole. Nucleotide (ADP) is shown in magenta.
Structure representations were made using UCSF Chimera [37]. (C) FtsK-dependent XerCD recombination at dif yields only
unlinked products (upper pathway). XerCD recombination stimulated by the isolated FtsK γ domain without the rest of the
FtsK motor yields mainly catenated products and a small percentage of free circles (lower pathway).
the products are unlinked. Differences in reaction conditions
can heavily influence the topological outcomes of reactions by
the Cre recombinase [34,35], probably by altering the relative
contributions of slithering of the DNA substrate compared
with random collision in three dimensions to site alignment. A
larger contribution of slithering would favour juxtaposition
of the sites without any supercoils trapped between them, so
that unlinked recombination products would be produced.
However, this appears unlikely to be the case for FtsK–
XerCD recombination. Under identical reaction buffering
and salt conditions, recombination stimulated by γ alone
yielded high levels of catenanes, whereas addition of FtsK
and ATP yielded free circles [24]. It does remain a possibility,
however, that active translocation by FtsK increases the rate
of slithering of the DNA, thereby altering the likelihood of
simple synapsis. Indeed, in reactions with the related Cre
recombinase which does not require FtsK for recombination
activity, under conditions where recombination led to
catenated products, addition of FtsK and ATP yielded mostly
unlinked circles with some catenanes of a low crossing
number [30], suggesting that FtsK translocation was able
to alter the substrate topology or affect the Cre-mediated
synapsis. However, in the case of Xer recombination at dif ,
it was found that only when intact FtsK motor protein,
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with the γ domain attached, was added, did recombination
yield exclusively free products; DNA translocation by the αβ
motor alone was seemingly not enough to give exclusively
simple synapses, it required a motor with γ attached to be
moving on the DNA [24]. Increased slithering could therefore
be playing a role in simplifying the recombination synapse,
but it appears not to be the only factor.
Why should the γ domain have to be part of the
actively translocating complex in order for the recombination
products to be unlinked? To date, there is no definitive
answer. It is attractive to speculate that it results from
a combination of increased DNA slithering induced by
the powerful FtsK motor, and interactions between the γ
domain of the moving motor and one or both of the XerD
molecules on the substrate being translocated on. If the FtsK–
XerD interaction is stable during translocation, this could
effectively deliver one dif site to the other in a dimeric
molecule. Perhaps by FtsK increasing slithering and moving
so quickly on the DNA (up to 17 kb·s− 1 at 37◦C [36]), this,
possibly transient, interaction between XerD and FtsK could
itself be almost exclusively a simple topological interaction.
The γ domains may sample the passing duplex DNA as it
slithers past much more quickly than could be achieved by
random diffusion in three dimensions. Then, even a transient
interaction between FtsK translocating on one DNA segment
and XerD bound to a segment of juxtaposed DNA segment,
would favour a simple synapse when the FtsK protein
translocates up to the second recombination site. Equally,
the XerD–γ interaction may exist before loading of the FtsK
hexamer on an adjacent segment of DNA, leading to the
same outcome upon subsequent loading and translocation.
Whether this is the case remains to be tested, as does the
question of what happens on the chromosomal scale.
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